Introduction
============

Efforts in nanomaterials have rapidly expanded into the assembly of well-ordered two- and/or three-dimensional (2D and/or 3D) superstructures.The 3D superstructures provide possibilities to probe brand-new properties and applications due to the spatial orientation and arrangement of the nanocrystals \[[@B1]-[@B3]\]. Different methods have been used to fabricate preferentially oriented nanowire arrays, such as, electrodeposition \[[@B4]-[@B6]\], vapor--liquid--solid (VLS) \[[@B7],[@B8]\], thermal evaporation \[[@B9]-[@B11]\], lithography \[[@B12],[@B13]\], AAO \[[@B14],[@B15]\], or mesoporous silica SBA-15 \[[@B16]\]-assisted methods. In these methods, SBA-15 template shows a promising technique in controlling the preferential orientation without changing the nanowire morphology, and it has been explored for synthesis of Ag, Au, Pt, Ph, and Si nanowires \[[@B17],[@B18]\] as well as binary semiconductor nanowires \[[@B19]-[@B22]\]. As previously reported, after removal of the silica template, the ordered mesostructure is seldom maintained, because the inorganic precursors are inclined to be absorbed on the external surface of templates and the channels are not completely filled up, which causes the framework formed inside the pores to be lacking in sufficient internal cross-linkage.

Recently, a single-source precursor, cadmium thioglycolate, was used to synthesize crystalline mesoporous CdS nanoarrays through SBA-15 silica template technique \[[@B23]\]. The results demonstrated that such mesoporous semiconductor nanoarrays with high crystallinity were exactly an inverse replica of SBA-15.

These nanoarrays provide many opportunities for new applications as advanced materials; however, the systematic studies of the transport, optical, and electrical properties of these nanoarrays were not reported till now.

It is known that the rectification is of great importance in modern electronic applications \[[@B24]\]. Recently, some research has focused on rectification properties in the nanoscale \[[@B25]-[@B27]\]. The electrical properties of CdS with different morphologies, such as nanoparticles \[[@B28]\], nanorods \[[@B29]\], and nanowires \[[@B30]\], were reported recently. The *I--V* characterization of these CdS systems demonstrated good ohmic contacts \[[@B29],[@B31]\] or highly insulating \[[@B30],[@B32]\], but the rectification was not observed in these pure CdS systems. The rectification can be obtained only when CdS form heterostructures with others, such as, nanoparticles \[[@B28]\], polymer \[[@B30],[@B32]\] or Si \[[@B33]\]. Here, the CdS nanoarrays were synthesized through single-source precursor, metal alkyl xanthate \[[@B34]\]. The remarkable performance on rectification within a bundle of CdS nanoarrays was characterized by semiconductor characteristic measurement system (Keithley 4200 SCS), and the mechanism of the rectification of the CdS nanoarrays was discussed.

Experimental
============

Mesoporous silica SBA-15 was prepared by a triblock copolymer under hydrothermal treatment at 130 °C for 48 h following the general procedure reported by Zhao et al. \[[@B16]\]. For synthesis of CdS nanoarrays, typically, 0.05 g SBA-15 was added to a solution obtained by dissolving 0.34 g of cadmium alkyl xanthate in a certain amount of tetrahydrofuran, and then the mixture was kept stirring at room temperature until the solvent was completely vaporized. The residual powders were dried and then heated to160 °C at a rate of 1 °C/min and maintained at this temperature for 10 h under argon. The powders turned yellow during the thermal treatment process. The obtained cadmium sulfide--silica composites were soaked in 2 M NaOH for several hours to remove the silica template. The template-free CdS products were recovered by centrifugation, washed with water, and dried at room temperature.

The morphology of the samples was characterized by transmission electron microscope (TEM, JEM-100CX) at 100 kV. Structural characterization was performed by X-ray diffraction (XRD, X'Pert Pro MPD, with Cu Kα radiation, λ = 1.54060 Ǻ) at 40 kV and 40 mA. Scanning electron microscope (SEM) measurement was carried out using a JSM-5600 LV equipped with EDX (Oxford ISIS) at 20 kV. The*I--V*curves of assembled CdS nanowire arrays were measured by semiconductor characteristic system (Keithley 4200-SCS) at 350 nm illumination. Nitrogen adsorption--desorption isotherms were measured on a Micromeritics Tristars 3000 analyzer at −196 °C. Before the measurements, the samples were degassed at 160 °C for 6 h in vacuum.

Results and Discussion
======================

The SBA-15 was synthesized at a high hydrothermal temperature of 130 °C to increase the mesotunnels, which are beneficial for the production of high-quality replica materials. Figure [1](#F1){ref-type="fig"}a exhibits the small-angle X-Ray diffraction of the template-free CdS nanoarrays. The small-angle regions show three well-resolved diffraction peaks. It indicates a highly ordered 2D hexagonal mesostructure; at the same time, it implies that CdS nanoarrays replicate well the ordered mesoporous of the SBA-15 template and confirms the ordered arrangement of CdS nanowires \[[@B23]\]. The EDX spectrum of the nanowire arrays confirms that these nanowire arrays consist of stoichiometric CdS with a Cd/S ratio of 1.05:1 and displays strong signals from Cd to S elements without the detection of silicon element. It also indicates the complete removal of the silica scaffold (Fig. [1](#F1){ref-type="fig"}b).

![**a**Small-angle diffraction pattern of template-free CdS nanoarrays.**b**EDS pattern of the template-free CdS nanoarrays.**c**WAX diffraction curves of CdS nanoarrays present in SBA-15 pore channels and silica-free CdS nanoarrays](1556-276X-4-414-1){#F1}

The wide-angle XRD patterns of the CdS nanoarrays (Fig. [1](#F1){ref-type="fig"}c) before and after removal of SBA-15 show the (100), (002), (101), (110), (103), and (112) planes at 2θ values 24.8°, 26.5°, 28.2°, 43.7°, 47.8°, and 51.8°, respectively, which match those of the hexagonal wurtzite structure of CdS crystallite. The same XRD patterns of CdS nanoarrays before and after removal of SBA-15 template demonstrated that the structure of the CdS nanoarrays is completely maintained during the etching. On the basis of the width of the diffraction peaks, the size of the CdS nanocrystals is on the nanometer scale and the average particle size is calculated to be 7.1 nm, which is consistent with the pore diameter of the host SBA-15.

Figure [2](#F2){ref-type="fig"}shows the nitrogen sorption isotherms (Fig. [2](#F2){ref-type="fig"}a) and pore size distribution (Fig. [2](#F2){ref-type="fig"}b) of the materials successively obtained in the synthesis process, respectively. The isotherms of the SBA-15 template (Fig. [2](#F2){ref-type="fig"}a) show typical type-*IV*curves with an H1-type hysteresis loop, attributed to perfect cylindrical mesopore channels. A calcined mesoporous silica sample exhibits a high surface area of 560 m^2^/g, the pore volume of 1.23 cm^3^/g, and a narrow pore size distribution with a mean value of 7.3 nm. The surface area and pore size distribution of the CdR~2~/SBA-15 nanocomposite are 28 m^2^/g and 5.4 nm, respectively, and the adsorption volume is 0.06 cm^3^/g, suppressed by 20 times after the one-step nanocasting process. Upon the calcination at 160 °C for CdS\@SBA-15, the surface area and the pore volume decrease to 38 m^2^/g and 0.04 cm^3^/g, respectively, suggesting that the pores have been filled up by CdR~2~. Nitrogen absorption--desorption isotherms for the template-free CdS sample exhibit a surface area of 100 m^2^/g and a pore volume of 0.11 cm^3^/g. A relatively narrow pore size distribution of around 3.3 nm is also exhibited, further demonstrating the high-quality mesoporous CdS replicas.

![**a**Nitrogen sorption isotherms of the samples successively produced in the synthesis: the SBA-15 hard template (■), CdR~2~\@SBA-15 composites (●) prepared by the impregnation of CdR~2~into SBA-15, CdS\@SBA-15 (▲) obtained from the CdR~2~\@SBA-15 calcined at 160 °C, and CdS-SBA-15 replicas (▼) etched by NaOH solution.**b**The corresponding pore-size distribution curves of**a**](1556-276X-4-414-2){#F2}

Figure [3](#F3){ref-type="fig"}demonstrates the TEM images of the SBA-15 template, and the CdS nanoarrays after the removal of SBA-15 templates (Fig. [3](#F3){ref-type="fig"}a and b), respectively. The TEM images reveal that SBA-15 (Fig. [3](#F3){ref-type="fig"}a) templates have a uniform fiber-like morphology and well-ordered 2D mesoporous structures with uniform pore size. The high-magnification TEM shows the pore size of SBA-15 to be approximately 7.3 nm (Fig. [3](#F3){ref-type="fig"}c). The representative TEM images (Fig. [3](#F3){ref-type="fig"}b) demonstrate that the as-prepared CdS nanowire arrays have a uniform fiber-like morphology, and that the length of the CdS nanowire arrays to be more than 2 μm. From the insert of Fig. [3](#F3){ref-type="fig"}b, it is obviously observed that these CdS nanowire arrays are composed of uniform nanowire, and the diameter of each nanowire is about 7.3 nm, which is in reasonable agreement with the mean pore size of the silica template. These phenomena may reflect that the CdS nanowire arrays are perfect duplication of the hard template and a high yield for the incorporation of CdS. The selected-area electron diffraction (SAED) pattern (Fig. [3](#F3){ref-type="fig"}e) observed from this area can be indexed as the hexagonal wurtzite CdS structure, indicating that the products consist of wurtzite CdS nanocrystals, which is in agreement with the XRD data.

![**a**TEM images of the SBA-15 sample along the direction of the hexagonal pore arrangement.**b**TEM images of the template-free CdS sample. Inset**c**and**d**are corresponding High-magnification TEM images. Inset**e**is the corresponding SAED pattern of**b**](1556-276X-4-414-3){#F3}

In recent years, AC electric field assembly is widely used to construct nanodevices from nanowires \[[@B35],[@B36]\] and carbon nanotubes \[[@B37]-[@B39]\]. Here, the CdS nanowire arrays were ultrasonically dispersed in ethanol. After applying a droplet of the nanowire arrays suspension onto the electrodes, the Pt electrodes were connected to an 8-Vpp (peak-to-peak) and 10-kHz AC signal for 30 s. This signal generated an alternating electrostatic force on the nanowire arrays in the solution. Under the electrical polarization force, the nanowire arrays were deposited on the electrodes. The 10-nm-thick Pt electrodes were patterned on an oxidized silicon wafer with 200-nm silicon dioxide using photolithography. The Fig. [4](#F4){ref-type="fig"}a shows the SEM image of a bundle of CdS nanowire arrays on Pt electrodes. The electrical transport property was carried out through semiconductor characterization system (KEITHLEY 4200-SCS).

![The*I--V*curves of CdS nanowire arrays at dark and uv-illumination condition. Inset**a**is the SEM image of a bundle of CdS nanowire arrays on Pt electrodes. Inset**b**is the detailed*I--V*characteristic of the CdS nanowire arrays under reverse bias](1556-276X-4-414-4){#F4}

Figure [4](#F4){ref-type="fig"}shows the*I--V*curves of the assembled CdS nanowire arrays under dark and illumination conditions. The*I--V*measurement shows a nonlinear characteristic. Little current flows in reverse bias, whereas, the current increases rapidly when the bias voltage is more than 4 V. The most striking feature (Fig. [4](#F4){ref-type="fig"}) is that both of the curves display rectifying behaviors at room temperature in air environment. Under dark condition, this rectifying diode-like behavior has a threshold voltage of \~3.9 V, and no obvious breakdown current is observed even at −11 V bias. The reverse leakage current is only 0.04 nA at −11 V (Fig. [4](#F4){ref-type="fig"}b); at the same time, the forward current is 25 nA at 11 V, and their rectification ratio is about 625. Under UV (λ = 350 nm)-illumination the turn-on voltage was dropped from 3.9 V to 3.4 V, and the breakdown current is not observed even at −11 V bias. The reverse current is 0.42 nA at −11 V, the forward current is 64 nA at 11 V, and their rectification ratio is about 152.

The rectifying behavior is an important application of a diode \[[@B25]-[@B27]\]. Recently, the rectifying behaviors of electric field-assembled ZnO nanowire have been reported \[[@B40]\]. To our knowledge, such rectifying behaviors were not reported in pure CdS system. In order to confirm the validity of the rectification for different metal sulfides, ZnS nanoarrays were prepared with the same template system. The experimental results are illustrated in Fig. [5](#F5){ref-type="fig"}b. Under dark condition, we observed the threshold voltage of \~2.0 V, the forward current of 150 nA at 10 V, and the reverse current of 27 nA at −10 V. For CdS nanoarrays (Fig. [4](#F4){ref-type="fig"}b), the reverse current is just 0.04 nA at −11 V, and the reverse current for ZnS nanoarrays is much larger than that of CdS nanoarrays, so the rectification ratio for ZnS nanoarrays is about six. But the obvious rectifying characterization was observed from the ZnS nanowire arrays. It is a very effective method for preparing metal sulfides with rectification through SBA-15 as hard template and using a single-source precursor. How can rectification be formed in these metal sulfide nanoarrays?

![The*I--V*curves of CdS (**a**) and ZnS (**b**) nanoarrays at dark condition](1556-276X-4-414-5){#F5}

According to our previous reports on the current transport behavior of semiconductor nanowires \[[@B41],[@B42]\], the nonlinear transport behavior in Fig. [4](#F4){ref-type="fig"} indicates that the CdS nanoarrays make two Schottky barrier contacts with the two Pt electrodes, and a back-to-back Schottky barriers structure is formed. In brief, the back-to-back Schottky barrier structure is composed of two inversely connected Schottky barriers, and the current in this structure is dominated by the reverse current of the reverse-biased Schottky barrier. The detailed description of the properties of the back-to-back Schottky barriers structure has been discussed in the previous reports of our group \[[@B41],[@B42]\] and other groups \[[@B43],[@B44]\]. In this structure, there should be no rectifying behavior if the two Schottky barrier were symmetric. However, in the dielectrophoresis deposition process, the AC voltage introduces an electrostatic force on the nanoarrays, and then the nanoarrays move toward the electrodes until it gets finally deposited on them. The contacts of both ends of the nanoarrays onto the electrodes occur in a consecutive order. We consider that the side of the nanoarrays that touched the electrode first may have a firm contact with the electrode, thus forming a better contact with lower barrier height, whereas the other end that contacted later had a higher barrier, possibly leading to the formation of the Schottky diode for our devices. Thus, the asymmetric contacts were formed between the CdS nanoarrays and Pt electrodes, and resulted in the rectifying behavior. Similar rectifying behaviors have been reported in some systems \[[@B7],[@B45]\].

There occurs a current difference between the dark and UV illumination, because more number of electrons in the valence band are excited into the conduction band under UV illumination thereby increasing the carrier concentration of the CdS nanowire arrays. As shown in Fig. [4](#F4){ref-type="fig"}, both the*I*--*V*curves under dark and illumination conditions show linear behaviors when the bias is larger than 6 V. In this linear region, the current transport property is dominated by the nanowire itself, not by the Schottky barrier. The slope of this linear region is proportional to the carrier concentration of the CdS nanowire arrays. As shown in Fig. [4](#F4){ref-type="fig"}, the slope of the current curve under illumination condition is three times higher than that of the one under dark condition. This high photocurrent response shows the promising applications of the CdS nanoarray as photodetector.

Conclusions
===========

In summary, highly ordered mesoporous CdS nanoarrays have been achieved by SBA-15 as a template and cadmium xanthate as a single-source precursor. These materials exist as strongly nonlinear and asymmetrical, showing rectifying diode-like behavior, and provide opportunities for new applications as advanced nanodevices. The synthesis and properties of other systems, such as, MnS, ZnS/CdS composite nanoarrays, are currently in process.
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